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1 Introduction 
1.1 General introduction and objective 
1.1.1 Definition of glass 
Before learning how to make glass, people used naturally occurring glasses, especially 
obsidians (volcanic glasses). Obsidians were utilized for the production of knives, arrowheads, and 
jewelry. These glasses were formed from the cooling process of molten rock, or lava, and like many 
naturally occurring minerals, contain a wide variety of components, including alkali, alkaline earths, 
and transition metal oxides. Yet for every specimen, silica is the main constituent found in these 
materials. 
Archaeologists have found evidence of furnaces depicted on the pottery of ancient Egypt 
(4000 years old), which signifies the birth of glass produced by man. Throughout most of human 
history, it can be found that like mother earth (e.g. obsidian), mankind also used silica as a required 
component of glass and, again like the molten lava of the earth, manmade glasses were traditionally 
formed by cooling from a melt. In modern times glass is defined as "an inorganic product of fusion 
which has been cooled to a rigid condition without crystallizing" by the American Society for 
Testing Materials (ASTM).[1] Even this definition is too restrictive, as several other types of glassy 
materials have been discovered and invented (organic molecules, oligomers, and polymers, 
chalcogenides, ionic and metallic)[2], and are synthesized and processed in various techniques 
without of fusion (chemical vapor deposition, sol-gel).[2-4] As a result of this explosion in 
compositions and manufacturing techniques, and consequent glass’ property development, glasses 
are utilized daily in a wide variety of fields, such as architecture, industrial equipment, medicine, 
electronics, data transmission and storage, foodstuffs, vessels and containers, agriculture and 
insulation, among many others. 
Therefore, a general and broader definition of glass is also designed to accord with these 
developments, glasses are amorphous solids that show a glass transition regardless of their 
preparation method.[1, 5] Amorphous solids are disordered materials in which the atoms and 
molecules are not organized in a definite lattice pattern. They possess no long-range translational 
order (periodicity), as characteristic of a crystal. Thus, glass is a subset of all amorphous solids 
constrained by this definition. 
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1.1.2 The glass transition  
When an amorphous material changes from a solid-state to a liquid state on heating or from 
a liquid to a solid-like state on cooling, if these thermal processes exhibit sudden changes in the 
derivative of thermodynamic properties (i.e., heat capacity and thermal expansion), this 
phenomenon is called glass transition.[6] 
If a small volume of material is considered at a high temperature in liquid form. This state 
is represented by the point “a” on the volume-temperature (V-T) diagram (Fig. 1-1). During cooling, 
one of two events can happen: either crystallization can occur at the melting point Tm or the liquid 
will become supercooled liquid on below Tm. 
The gradual shrinking of the liquid volume occurs in along the cooling path “abc”. The 
melting point Tm at the point “b” corresponds to the temperature at which the solid and the liquid 
states have equal vapor pressure or equal Gibbs free energy. The crystallization process happens in 
two steps as the melt cools (i) the appearance of nuclei in the mass, followed by (ii) a crystal growth 
stage. If both steps are kinetically favoured compared to the cooling rate, bulk crystallization will 
occur. This process is described by an abrupt decrease in volume at Tm along line “bd”. Upon further 
cooling, the volume continues shrinking along the crystalline line to the point “e”.  
In the absence of crystallization below Tm, the liquid mass becomes a supercooled liquid 
along the path “bcf”, which is an extrapolation of the line “abc”. As cooling continues, the viscosity 
of the system increases dramatically, and the molecules become less and less mobile. The 
relationship between the solid volume and temperature then will no longer have the slope of the 
starting line “bcf” and soon becomes a near-straight line (often approximately parallel to the 
crystalline “de”), ending at point “g” if cooled fast, or at point “h” if cooled more slowly. The region 
where the change of slope occurs is termed the “glass transition temperature” Tg. It can be seen 
from Figure 1-1, clearly, the difference in cooling rates from the molten liquid causes a shift in the 
position of the Tg. Slower cooling rates gives lower Tg (Tg1) whereas faster cooling gives higher Tg 
(Tg2).[7] Thus, the characteristics of glass depend on the process by which it is formed.  
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Table 1-1: Compositions, properties and applications of silica, borosilicate, soda-lime silicate and phosphate glasses. 
Glass type Primary 
components 
Properties Applications 
Silica SiO2 - Can withstand high temperatures. 
- High chemical durability. 
- High thermal shock resistance. 
- High radioactive radiation resistance. 
- Low coefficient of thermal expansion 
- Very low electrical conductivity. 
- Semiconductor fabrication 
furnaces 
- In telescopes as surface 
mirrors 
- Optical glasses 
Borosilicate SiO2, at least 
5% Boric acid 
- Can withstand high temperatures. 
- Chemical corrosion resistance. 
- High thermal shock resistance. 
- High hydrolytic resistance. 
- Low coefficient of thermal expansion. 
- Better thermal shock resistance. 
- Chemical durability. 
- Higher electrical resistivity. 
- Industrial equipment. 
- Laboratory glassware as 
beakers, test tubes and 
conical flask. 
- Kitchen utensils (especially 
microwave glass cookware 
due to its resistance to heat) 
- Optical glasses 
Soda-lime 
silicate 
SiO2, Na2O, 
CaO 
- High mechanical strength 
- High thermal shock resistance 
- Chemically stable 
- Hard 
 
- Windows (flat glass) and 
containers. 
- Commonly used for 
beverages, food and 
pharmaceutical containers. 
- Used for glass recycling. 
- Optical glasses 
- Light bulbs 
- Art objects. 
Phosphates P2O5 - Low chemical resistance (except high 
resistance to hydrofluoric acid) 
- Some of this type of glass are soluble in 
water and biocompatible 
- Low glass transition temperature of 365oC 
- Lower thermal conductivity. 
- Lower optical damage. 
- Bone transplants 
- Optical glasses 
- Heat absorbers. 
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1.1.4 The purpose and scope of the investigation 
Nowadays, the progress of the optical industry is essential for the strong development of 
research activities in virtually all technologies, and therefore, in the end, essential for modern life 
in general. The optical industry requires glass compostions with high reproducibility and 
homogeneity. Optical glass as a practical product was first shaped around 130 years ago by the 
fortuitous collaboration of chemist Otto Schott and physicist Ernst Abbe, both at Jena. 
All of the above-mentioned glass compositions exhibit useful optical properties and have 
been instrumental to the development of optics industry today. However, phosphate glasses were 
of more interest in this project because they generally have high thermal expansion coefficients, 
low transition temperature, low optical dispersion, high refractive indices and high electric 
conductivity compared to silicate and borate glasses.[8] Phosphate glasses have found a wide range 
of applications in glass-to-metal seals, sensing and laser technologies, optical data transmission, 
solid state batteries, and bio-compatible materials.[9-12] 
In addition, more than silicate or borate glasses, phosphate can much more easily 
incorporate fluoride to form a good glass. Many studies have shown that fluoride glasses are 
characterized by low refractive index, an exceptional partial dispersion and high transmission from 
the ultraviolet (UV) to the infrared (IR) range.[13-16] These properties are attractive glasses for 
special optical applications.[16-18] However, compared to the standard oxide, fluoride glasses are an 
atypical network-forming anion and because of their high tendency towards crystallization,[16, 18-20] 
can be very difficult to form glass, which limits their wider utilization in applications. In order to 
avoid crystallization, special techniques are required for glass preparation. The strong ionic 
character of fluoride glasses leads to these disadvantages, thus, phosphate glasses with covalent 2d 
chains of corner-sharing PO4 tetrahedra forming a polymer-like structure are a good choice to 
combine with fluoride glasses to improve glass forming ability. [16, 20-22] Literature has shown that 
small amounts of phosphates drastically increases not only the chemical durability but also the 
glass-forming ability of fluoride–phosphate glasses in comparison to pure fluorides,[16, 18-20, 23] while 
the important optical characteristics of the fluoride glass can be retained to a large extent.[24] 
Moreover, phosphate glasses possess high solubility for secondary anion species such as 
sulfate, fluoride or nitride ions and enable the preparation of poly-anionic glasses. In this study, we 
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consider fluoro-sulfo-phosphates. Equimolar secondary anion mixing in this system can be 
achieved without notably compromising the glass-forming ability. Their surprising stability to 
crystallization enables the fabrication of bulk samples without rapid quenching techniques. 
The aims of this project were to study the formation, structure, and properties of fluoro-
sulfo-phosphate poly-anionic glasses as well as investigate their optical properties and electrical 
conductivity. Especially, the broadly tunable interionic competition between the varying anion 
species provides an interesting variety of ligand situations leading to a wide variety of physical 
properties. These glass systems containing multiple anions hold promise as a novel class of laser 
gain media, for nonlinear optical applications, or for encapsulating crystalline phases, e.g., in solid-
state light sources.  
1.2 The structure of phosphate and fluoroaluminate -phosphate glasses 
 The structural information of the studied glasses as provided by Raman, infrared and, 
standard magic angle-spinning (MAS) NMR spectroscopy is presented in Sections 3.2.1 and 3.2.4, 
but first a brief summary of the fundamental glass structure theory will be given below. 
1.2.1 Phosphate network structure 
P2O5 is considered a good glass network former as it can form a glass itself. However, 
vitreous (v-)P2O5 is extremely hygroscopic, thus it is difficult both to prepare and keep water free 
during an experiment. (v-)P2O5 glass network is formed by a pattern of corner-sharing PO4 
tetrahedra, as is the case for all other phosphate glasses.[25-28] These groups are linked to adjacent 
units by covalent P–O–P bonds through three of their four oxygen atoms, because the remaining 
oxygen atom is a terminal, double-bonded oxygen atom (DBO).[29-30] The oxygens in these P–O–P 
linkages are commonly called bridging oxygens (BOs). Therefore, vitreous P2O5 exhibits a 
tendency to form a glass in two or three-dimensional networks such as chains, rings or branching 
networks (Fig. 1-2).[11, 29-30] 
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Depending on the number of modifiers introduced in phosphate glasses, the tetrahedra 
groups are converted and classified using the Qi terminology,[32] where “i” denotes the number of 
bridging oxygens per a PO4 tetrahedron. As the [O]/[P] ratio increases the networks of phosphate 
glasses can, for example, transform from a 3d cross-linked network of Q3 tetrahedra (vitreous P2O5) 
to chain-like metaphosphate chains of Q2 tetrahedra to “invert” glasses composed of short pyro- 
(Q1) and orthophosphate (Q0) anions.[11-12, 33] 
1.2.2 Fluoroaluminate-phosphate network structure 
The structure and properties of these glasses depend mainly on the molar relation between 
metal fluorides and phosphates, which can be varied in a wide range between pure metal fluoride 
and phosphate glasses. Based on the [F]/[P] ratio, glass structures can be formed in the following 
two was:  
1.2.2.1 Fluoride >> phosphate content (FP glasses) 
(100–x)MFn / xSr(PO3)2   (x ≤ 20%, M = Mg2+, Ca2+, Sr2+, Al3+) 
 Given the special optical properties of FP glasses, they have been studied and melted 
commercially in the past decades.[20-21, 23-24, 34] Their structural model has been described based on 
an ionic fluoride network. The fluoride ions favor Al–F over P–F bonds, therefore, mixed chains of 
Al(F,O)6-octahedra and PO4-tetrahedra were proposed in these glasses.[20] With small amount of 
phosphate content in these glass compositions, mostly only orthophosphate (Q0) and pyrophosphate 
(Q1) groups exist in glass network. According to previous publications,[20-21, 23-24, 34] the main 
network of FP glasses is chains of Al(F,O)6 octahedra, which are connected to phosphate monomers 
and dimers, and cations. Schema of the FP structural model is illustrated in Figure 1-4. 
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Depending on the type of glasses, Cu2+ will absorb light from around 750 to 930 nm, and 
the color of the glasses will be pale blue (cyan).[41, 46-50] The Cu2+ ions in oxide glasses are 
preferentially coordinated with six O2– in an octahedral site with elongated tetragonal distortion 
(due to Jahn–Teller effect).[41, 46-50] Even in mixed oxide/fluoride glasses, if the oxygen/fluorine 
ratio is higher than 1, Cu2+ ions seem to ignore fluoride ligands, and CuO6 is also found in a 
tetragonally distorted octahedral environment.[42, 51] These assumptions are further proven by 
analyzing data from UV-Vis-NIR and EPR spectroscopies, once UV-Vis-NIR data showed a broad 
asymmetric absorption band at the red region of the spectrum)[41-42, 46-51] and all parameters g∥, g⊥, 
A∥ and A⊥ from EPR studies conclude that the coordination sphere is an elongated octahedron.[41-
43, 46, 50, 52-55] 
However, the conclusions as deduced from UV-Vis-NIR studies and EPR studies in oxide 
glasses and mixed oxide/fluoride glasses (with [O]/[F]>1) are not applicable for mixed 
oxide/fluoride glasses when the oxygen/fluorine ratio is lower than unity ([O]/[F]<1). When 
[O]/[F]<<1 in mixed oxide/fluoride glasses, the site geometry around Cu2+ ions has octahedral 
coordination with rhombic distortion (rather than tetragonal), which is discussed in more details in 
publication 3.2.3.  
1.4 Ionic conduction in glasses 
1.4.1 Conduction mechanism 
Glasses can be both ionically and electronically conducting, however, for most glasses 
conduction is solely due to the movement of a single ionic species, anionic or cationic. The 
conductivity, σ, is related to the mobility of the charge carriers, μ, by[56] 
                                                               𝜎 = 𝑍𝑒𝑛𝜇                                                                      (1) 
where n and Ze are the carrier charge concentration and their charge, respectively. This equation 
shows that the conductivity is proportional to both the ion concentration and ion mobility i.e. how 
easily an ion moves through the solid. 
The most general expression for the concentration of mobile carriers (nc) in a nondegenerate 
semiconductor can be written following Maxwell–Boltzmann statistics,[57-58] 
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                                                        𝑛𝑐(𝑇) =  𝑁0 exp (− ∆𝐸𝑐𝑟𝑛𝑘𝐵𝑇 )                                                  (2) 
where N0 is the total number of possible mobile ions, kB and T are Boltzmann's constant and the 
absolute temperature and ΔEcrn is the creation energy of mobile carriers. The mobility can be 
obtained from the diffusion coefficient of the ions by the familiar Nernst-Einstein equation,[57, 59] 
                                                                 𝜇(𝑇) =  (𝑍𝑒).𝐷(𝑇)𝑘𝐵 𝑇                                                           (3) 
with D(T) is the diffusion coefficient. For an ionic conductor, the ionic jumping distance, d, can be 
related to the diffusion coefficient by random walk calculation,[56, 60-61] 
                                                         𝐷(𝑇) =  𝑑2 𝜐0 𝑒𝑥𝑝 (− Δ𝐸𝑚𝑖𝑔𝑘𝐵𝑇 )                                       (4) 
where υ0 is the thermal vibration frequency and ΔEmig is the energy that must be overcome for the 
jump process to take place or in other words, it is the migration energy. 
From Eq. (3) and (4) we obtain 
                                                           𝜇(𝑇) =  𝑑2𝜐0(𝑍𝑒)𝑘𝐵𝑇  𝑒𝑥𝑝 (− Δ𝐸𝑚𝑖𝑔𝑘𝐵𝑇 )                                       (5) 
Combining Eq. (1), (2) and (5) we obtain 
                                       𝜎(𝑇) =  𝑁0 𝑑2 𝜐0 (𝑍𝑒)2𝑘𝐵 𝑇  𝑒𝑥𝑝 (− (Δ𝐸𝑚𝑖𝑔 + Δ𝐸𝑐𝑟𝑛)𝑘𝐵 𝑇 )                                   (6) 
 And set 𝜎0 =  𝑁0𝑑2 𝜐0(𝑍𝑒)2𝑘𝐵   
Eq. (6), the dc conductivity, can then be rewritten more simply in the familiar Arrhenius form: 
                                                         𝜎𝑑𝑐 =  𝜎0𝑇  𝑒𝑥𝑝 (− Δ𝐸𝑎𝑐𝑡𝑘𝐵 𝑇 )                                                    (7) 
Despite a complex pre-exponential factor in Eq. (6), the ionic conductivity of most glasses 
is dominated by Arrhenius behaviour. The activation energy (ΔEact) includes both the energy 
required for creation (ΔEcrn) and migration (ΔEmig) of mobile charge carriers, which are respectively 
related directly to the concentration of mobile ion and mobility. 
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Table 2-1: Transition temperature Tg and density ρ of all investigated glasses with their nominal compositions (mol%) and synthesis conditions. 
Symbol Compositions 
      Synthesis 
conditions (oC) 
Tg ρ 
      (oC) (g/cm³) 
Glasses were mentioned in publications 3.2.1, 3.2.2, 3.2.3 
 MP MgO CaO SrO BaO P2O5 
 CuO  Cr2O3    
M
et
al
 
Ph
os
ph
at
e MgMP 50 0 0 0 50  0.1   1200, 1.5 h 543 2.437 
CaMP 0 50 0 0 50  0.1   1100, 1.5 h 528 2.645 
SrMP 0 0 50 0 50  0.1   1100, 1.5 h 490 3.130 
BaMP 0 0 0 50 50  0.1   1100, 1.5 h 465 3.620 
  FP MgF2 CaF2 SrF2 AlF3 Sr(PO3)2 SrSO4             
Fl
uo
ri
de
 P
ho
sp
ha
te
   
FP0 10 28.3 23.1 38.6 0 0 0.05 or 0.05 1000-1100-1000, 2h 400 3.454 
FP2 9.5 27.8 22.9 37.8 2 0 0.05 or 0.05 1000-1100-900, 2h 429 3.472 
FP3 9.5 27.5 22.5 37.5 3 0 0.05   1000-1100-900, 2h 436 3.467 
FP4 9.5 27.5 21.5 37.5 4 0 0.05 or 0.05 1000-1100-900, 2h 440 3.457 
FP6 9.5 27 21 36.5 6 0 0.05   1000-1100-900, 2h 448 3.478 
FP10* 10 30 15 35 10 0 0.05 or 0.05 1000-1100-900, 2h 461 3.427 
FP15* 10 23.4 19.4 32.2 15 0 0.05 or 0.05 1000-1100-900, 2h 488 3.503 
FP20* 10 21.8 18.2 30 20 0 0.05   1000-1100-900, 2h 485 3.512 
  FPS10* 
Fl
uo
ri
de
 S
ul
fa
te
 P
ho
sp
ha
te
  
FP7S3 10 30 15 35 7 3 0.05   1000-1100-900, 2h 457 3.471 
FP5S5 10 30 15 35 5 5 0.05   1000-1100-900, 2h 447 3.479 
FP3S7 10 30 15 35 3 7 0.05   1000-1100, 1.5h 432 3.562 
FS10 10 30 15 35 0 10 0.05   1000-1100, 1.5h 400 3.527 
FPS15* 
FP10S5 10 23.4 19.4 32.2 10 5 0.05 or 0.05 1000-1100-900, 2h 474 3.527 
FP7.5S7.5 10 23.4 19.4 32.2 7.5 7.5 0.05 or 0.05 1000-1100-900, 2h 456 3.531 
FP5S10 10 23.4 19.4 32.2 5 10 0.05 or 0.05 1000-1100, 1.5h 437 3.547 
FS15 10 23.4 19.4 32.2 0 15 0.05 or 0.05 1000-1100, 1.5h 403 3.555 
FPS20* 
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FP15S5 10 21.8 18.2 30 15 5 0.05   1000-1100-900, 2h 470 3.527 
FP10S10 10 21.8 18.2 30 10 10 0.05   1000-1100-900, 2h 451 3.531 
FP5S15 10 21.8 18.2 30 5 15 0.05   1000-1100, 1.5h 430 3.547 
FS20 10 21.8 18.2 30 0 20 0.05   1000-1100, 1.5h 396 3.555 
So
di
um
-A
lu
m
in
um
 
Fl
uo
ri
de
 P
ho
sp
ha
te
 NAPF* NaPO3 Na2SO4 AlF3                   
NAPF100 100 0 0       800, 1.5h 289 2.500 
NAPF90 90 0 10       850, 1.5h 311 2.553 
NAPF80 80 0 20       900, 1.5h 325 2.616 
NAPF70 70 0 30       1000, 1.5h 367 2.682 
NAPF60 60 0 40       1000, 1.5h 412 2.753 
 NAPFS1           
 
 
So
di
um
-A
lu
m
in
um
 F
lu
or
id
e 
Su
lfa
te
 
Ph
os
ph
at
e 
NAPF75S5 75 5 20       850, 1.5h 327 2.725 
NAPF70S10 70 10 20       850, 1.5h 330 2.628 
NAPF65S15 65 15 20       850, 1.5h 314 2.624 
NAPF60S20 60 20 20       850, 1.5h 313 2.618 
NAPF50S30 50 30 20       800, 1.5h 288 2.631 
NAPFS2*           
 
 
NAPF70S5 70 5 25       850, 1.5h 336 2.634 
NAPF70S10 70 10 20       850, 1.5h 330 2.628 
NAPF70S15 70 15 15       850, 1.5h 307 2.589 
NAPF70S20 70 20 10       850, 1.5h 298 2.559 
Glasses were mentioned in publication 3.2.4 
  
NAPFS 
(Group) Na2O P2O5 AlF3 SO3                 
So
di
um
-A
lu
m
in
um
 
Fl
uo
ri
de
 S
ul
fa
te
 
IA 
44 43 8 5      780, 1.5h 327 2.549 
44 41 8 7      780, 1.5h 328 2.546 
44 38 8 10      780, 1.5h 321 2.552 
44 36 8 12           780, 1.5h 319 2.556 
IB 
44 39 12 5      780, 1.5h 339 2.582 
44 37 12 7      780, 1.5h 335 2.582 
44 34 12 10      780, 1.5h 332 2.587 
Le, Huyen Quyen   Dissertation 
 
 
Fluoride-Phosphate-Sulfate Glasses 
 
17 
44 32 12 12           780, 1.5h 331 2.591 
IC 
44 40 16 0      780, 1.5h 366 2.627 
44 35 16 5      780, 1.5h 360 2.626 
44 33 16 7      780, 1.5h 355 2.629 
44 30 16 10      780, 1.5h 350 2.625 
44 28 16 12      780, 1.5h 347 2.624 
ID 
44 36 20 0           780, 1.5h 386 2.659 
44 31 20 5      780, 1.5h 380 2.659 
44 29 20 7      780, 1.5h 375 2.657 
44 26 20 10      780, 1.5h 372 2.657 
44 24 20 12           780, 1.5h 369 2.655 
IIA 
47 45 8 0      780, 1.5h 326 2.549 
47 40 8 5      780, 1.5h 325 2.555 
47 38 8 7      780, 1.5h 322 2.555 
47 35 8 10      780, 1.5h 316 2.566 
47 33 8 12      780, 1.5h 311 2.567 
IIB 
47 41 12 0           780, 1.5h 334 2.588 
47 36 12 5      780, 1.5h 341 2.599 
47 34 12 7      780, 1.5h 337 2.597 
47 31 12 10      780, 1.5h 337 2.588 
47 29 12 12           780, 1.5h 330 2.590 
IIC 
47 37 16 0      780, 1.5h 361 2.627 
47 32 16 5      780, 1.5h 356 2.632 
47 30 16 7      780, 1.5h 352 2.633 
47 27 16 10      780, 1.5h 353 2.627 
47 25 16 12      780, 1.5h 349 2.627 
IID 
47 33 20 0           780, 1.5h 397 2.667 
47 28 20 5      780, 1.5h 380 2.664 
47 26 20 7      780, 1.5h 367 2.657 
47 23 20 10      780, 1.5h 362 2.649 
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47 21 20 12           780, 1.5h 358 2.648 
IIIA 
50 42 8 0      780, 1.5h 328 2.566 
50 37 8 5      780, 1.5h 326 2.566 
50 35 8 7      780, 1.5h 324 2.566 
50 32 8 10      780, 1.5h 317 2.564 
50 30 8 12      780, 1.5h 315 2.567 
IIIB 
50 38 12 0           780, 1.5h 343 2.606 
50 33 12 5      780, 1.5h 342 2.601 
50 31 12 7      780, 1.5h 343 2.601 
50 28 12 10      780, 1.5h 342 2.600 
50 26 12 12           780, 1.5h 341 2.607 
IIIC 
50 34 16 0      780, 1.5h 369 2.642 
50 29 16 5      780, 1.5h 369 2.633 
50 27 16 7      780, 1.5h 365 2.627 
50 24 16 10      780, 1.5h 361 2.624 
50 22 16 12           780, 1.5h 348 2.617 
IIID 
50 30 20 0      780, 1.5h 377 2.664 
50 25 20 5      780, 1.5h 363 2.659 
50 23 20 7      780, 1.5h 361 2.649 
50 20 20 10      780, 1.5h 359 2.644 
50 18 20 12           780, 1.5h 358 2.635 
Experimental error             ± 2 ± 0.005 
* Glass composition was analyzed by energy-dispersive X-ray spectroscopy (EDX) after melting. 
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Table 2-2 lists both the nominal compositions and compositions analyzed by EDX. All the 
mol percents of MgF2, CaF2, SrF2 and AlF3 in FPS glasses are rewritten under total MFn 
(MFn=MgF2+CaF2+SrF2+AlF3). Since a great amount of fluoride evaporates during the melting 
process,[21, 24] we assume that when fluoride escapes the rest of these metals form bonds with oxygen 
in glass network (and are assigned as M2On).  
 
Table 2-2: The nominal composition and true composition analyzed after the melt of the FPS and NAPFS glasses 
Series Glass 
Written in simple oxides and fluoride compounds (in mol%) 
Nominal composition  Analyzed after melting 
P2O5 SO3 SrO  MFn   P2O5 SO3 SrO  M2On MFn 
FP
S2
0 
FP10 9 0 9 82   10.6 0 11.9 7.3 70.2 
FP7S3 6.3 2.7 9 82  8.3 0.7 12.4 8 70.6 
FP5S5 4.5 4.5 9 82  6.2 1.1 12.7 6.9 73.1 
FP3S7 2.7 6.3 9 82  3.8 1.4 13.3 8 73.4 
FS10 0 9 9 82  0 3.8 14.6 6.9 74.6 
            
FP
S1
5 
FP15 13 0 13 74  16 0 15.2 10.2 58.6 
FP10S5 8.7 4.3 13 74  10.4 2 16.1 7.5 64 
FP7.5S7.5 6.5 6.5 13 74  8.1 3.6 15.6 8.3 64.3 
FP5S10 4.3 8.7 13 74  5.2 4.8 16.8 9.2 64 
FS15 0 13 13 74  0 6.5 18.1 7.5 67.9 
            
FP
S1
0 
FP20 16.7 0 16.7 66.6  19.3 0 16.7 11.6 52.4 
FP15S5 12.5 4.2 16.7 66.6  14.7 2.3 17 8.4 57.6 
FP10S10 8.3 8.3 16.7 66.6  9.6 6.2 16.7 8.9 58.6 
FP5S15 4.2 12.5 16.7 66.6  5 9.3 17 7.6 61.1 
FS20 0 16.7 16.7 66.6  0 14.4 16.4 8.8 60.3 
    P2O5 SO3 Na2O AlF3   P2O5 SO3 Na2O Al2O3 AlF3 
N
A
PF
 
NAPF100 50 0 50 0  49.3 0 50.7 0 0 
NAPF90 45 0 45 10  48.4 0 41.2 2.7 7.7 
NAPF80 40 0 40 20  46.4 0 40.2 3.4 10 
NAPF70 35 0 35 30  41.9 0 36.9 5 16.2 
NAPF60 30 0 30 40  38.7 0 33.3 7.1 20.9 
            
N
A
PF
S 
NAPF70S5 31.8 4.5 40.9 22.7  41.8 4.4 40.4 5.3 8.1 
NAPF70S10 29.2 8.3 45.8 16.7  35.9 10 40.4 4.1 9.6 
NAPF70S15 26.9 11.5 50 11.5  35.3 13.9 42.6 2.6 5.6 
NAPF70S20 25 14.3 53.6 7.1   36.1 13.6 43.4 2.3 4.6 
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The spectra in the region 800 to 1300 cm−1 were resolved into nine Gaussian peaks to quantify the 
Qn , Qnm and SO42− groups. 
Low-frequency Raman spectra were collected using a Renishaw InVia micro-Raman 
spectrometer equipped with a notch filter with performance down to ~9 cm−1 and acquired over the 
spectral range of 10 to 200 cm−1. All glasses show a broad asymmetric peak around 50 cm−1, the 
so-called Boson peak. This Boson peak is associated with the existence of an intermediate-range 
order in the glass. 
2.2.3 Infrared spectroscopy 
Infrared (IR) spectroscopy is complementary to Raman spectroscopy because of differences in 
some key fundamental ways. Raman spectroscopy depends on a change in polarizability of a 
molecule, whereas IR spectroscopy depends on a change in the dipole moment. The combination 
of these two methods becomes a powerful tool when performing materials characterization. 
Infrared spectra were obtained in the specular reflectance mode on a Fourier transform vacuum 
spectrometer across 30–5000 cm−1. The Kramer- Kronig transformation was applied to the IR 
spectra to obtain the absorption coefficient spectra α(ν) for further analysis. 
2.2.4 NMR spectroscopy 
In order to estimate the ratio of each Qn phosphate groups formed in the glass structure, 
magic-angle-spinning (MAS) nuclear magnetic resonance (NMR) spectrometer was conducted on 
a Bruker Avance III 400 (9.4 T magnet, 162 MHz for 31P) with a 4 mm MAS probe. Deconvolution 
of the 31P MAS NMR spectra was done by dmfit program[63] with four or five Gaussians to quantify 
the Qn and Qnm -species at 1.5, –7.8, –14.2, –20, –26.2 ppm (for NAPFS glasses) and 2, –4.2, –10, 
–16, –23 ppm (for FPS glasses). Frequency, half-width and intensity were independent and 
unconstrained variables. The peak areas are quantiatively proportional to the concentration of the 
respective Qn and Qnm -species. 
2.2.5 EPR spectroscopy 
 The technique of electron paramagnetic resonance (EPR) spectroscopy was used to measure 
the concentration of Cu2+ as well as look specifically at the environment and bonding type of Cu2+ 
ions in different glasses. 
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 Measurements were recorded on an EMXmicro CW-EPR spectrometer (Bruker EMX micro 
EMM-6/1/9-VT control unit, ER 070 magnet, EMX premium ER04 X-band microwave bridge 
equipped with EMX standard resonator, EMX080 power unit) using powdered samples at room 
temperature. EPR data were evaluated using the Bruker Xenon software package, version 1.1b86. 
The SpinCountQ software module was used for quantitative analyses. X-band EPR spectra 
attributions were conducted on the basis of previous reports on metal phosphates[40, 45, 64-65] and 
borate glasses.[43-44, 50, 52] 
3 Results and Discussion 
3.1 Effect of structural change in fluoride-sulfate-phosphate glasses on copper doped 
and their electrical conductivity 
3.1.1 NAPFS glasses (100 – x – y)NaPO3/xAlF3/yNa2SO4 (x = 0–40, y = 0–30) 
NAPFS glasses’ major component is sodium metaphosphate, thus, (PO32−) Q1 and (PO2−) 
Q2 are the two main groups in glass network. Depending on the content of AlF3 and Na2SO4 the 
[Q2]/[Q1] ratio will change. For example, [Q2]/[Q1] ratio increases with decreasing AlF3 and Na2SO4 
concentrations and conversely, this ratio decreases when either the amount of AlF3 or Na2SO4 
increases. 
Physical properties of NAPFS glasses also depend on the [AlF3] and [Na2SO4]. The results 
in publication 3.2.1 demonstrate that the glass transition temperature Tg, Young's modulus E and 
volume density of bonding energy U0/V0 increase while molar volume Vm and Poisson ratio ν 
decrease with the rising AlF3 concentration in NAPFS glasses. On the contrary, the addition of 
Na2SO4 in NAPFS glasses leads to opposite trends in all properties. These changes in glass 
properties are explained based on changes in glass structure.  
As AlF3 is introduced into sodium phosphate, it will depolymerize the phosphate chains 
(break P–O–P bonds), but simultaneously it connects with phosphate groups to create strong cross-
linking Al–O–P bonds between the phosphate tetrahedra. This fact was proved by Raman and 31P-
NMR spectroscopies. When increasing AlF3 content, Raman spectra in NAPF showed that the 
νs(PO32−) Q1 band at 1040 cm–1 converts to  a Q1m peak at 1090 cm–1 (m indicates the number of 
non-bridging oxygen atoms connected to an aluminate polyhedron, P–O–Al linkages).[23, 66] 
Additionally, 31P-NMR spectra also indicate the growth of new species at higher frequencies with 
rising AlF3 concentration. Both of these phenomena are caused by the cleavage of P–O–P linkages 
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absorption wavelengths λmax,Cu2+ in FPS20, FPS15 and FPS10 glasses are shifted to shorter 
wavelengths when Sr(PO3)2 was replaced by SrSO4 while their optical basicity only very slightly 
decreases; we cannot even observe such a small change in optical basicity in Figure 3-3. As 
mentioned above, phosphate content only occupies small part in FPS glass compositions, thus, Q3 
and Q2 groups are less prevalent, and the phosphate groups are almost exclusively Q0 and Q1 groups. 
The publication 3.2.3 demonstrates that the λmax,Cu2+ depends mostly on the number of Q1 groups: 
when their percentage is higher than 38%, the absorption spectra centers around 845 nm, yet if the 
relative amount is lower than 34%, λmax,Cu2+ depends on the relative amount of Q1 species in glass 
matrix. When fewer Q1 groups are formed in the glass network, the scarcity of Q1 ligands forces 
most of the Cu2+ ions into mixed F– /PO43–/SO42– or F–/SO42– environments, which shifts the 
absorption spectra to shorter wavelengths. It is clear that Cu2+ ions bond preferentially to phosphate 
Q1 ligands, which is explained in detail in the publication 3.2.3. 
 
Figure 3-3:  Cu2+ absorption wavelengths correspond to the optical basicity of MP, FP, and FPS glasses. (*These 
glasses were melted for references NaSP19 (19.8Na2O-42.2ZnO-19.1SO3-18.9P2O5)[69] and CuSO4). 
It is well known that Cu2+ is present as an elongated tetragonal distortion of the CuO6 
octahedral coordination in the oxide glass.[47, 72-75] Therefore, the peaks in the optical absorption 
spectra of Cu2+ in the visible range are often asymmetric and broad. They were fitted by three 
Gaussian curves corresponding to the energy transitions between orbitals dz2 → dx2–y2, dxy → dx2–
Le, Huyen Quyen   Dissertation 
 
 
Fluoride-Phosphate-Sulfate Glasses 
 
26 
y2, and dxz, dyz → dx2–y2. In this study, however, both O2– and F– ligands were available in FP and 
FPS glasses and the imbalance between these ligands in Cu(O,F)6 octahedral sites causes rhombic 
distortion instead.[76-77] The Cu2+ broad absorption bands were resolved into four Gaussian peaks 
corresponding to four energy levels dz2 → dx2–y2, dxy → dx2–y2, dyz → dx2–y2 and dxz → dx2–y2. These 
results match perfectly with the EPR analysis of Cu2+ in FP and FPS glasses. EPR spectra express 
three signals B1, B2 and B3 revealing the rhombic symmetry (rhombic g-values with g1 < g2 < g3) of 
the coordination sphere.[76, 78-79] 
3.1.4 Electrical conductivity in NAPFS glasses 
At the same temperature, electrical conductivity and activation energy of NAPFS glasses 
depend mostly on the number of mobile sodium ions and the flexibility of the glass structure. The 
results in publication 3.2.4 show that for glasses with the same glass matrix, the electrical 
conductivity is higher and the activation energy is lower for increasing Na2O content. On the 
contrary, glasses with differing chemical components and the same Na2O content have different the 
conductivities and activation barriers demonstrating the importance of the energy of chemical 
bonding between Na+ ions (charge carriers) and the glass matrix. 
In sodium metaphosphate glass (Fig. 1-6), we can see that the most Na+ ions were 
associated with non-bridging oxygens in Q2 phosphate chains. Addition of AlF3 to the sodium 
metaphosphate glass causes depolymerization of phosphate chains and simultaneously forms 
Al(OP)mFn octahedra, as well as Al−F−Al and P−F bonds (Fig. 3-1).[35] Using the ratio of NaPO3 
and AlF3, the value of m and n in Al(OP)mFn were estimated to be on average four and two, 
respectively; thus, an aluminum octahedra can be considered a pseudo-Q4 species with four Al–O–
P bonds.[35] Consequently, some of the non-bridging oxygens in Q2 phosphate chains will become 
linked to Al(6) units, Na+ ions will be released from the phosphate network and preferentially 
associate with F−, resulting in more mobile Na+. Moreover, Figure 3-1 also illustrates that SO3 
introduced into NAPF glasses leads to the expansion of the initial glass structure (because of the 
lack of directional bonding between SO42– and NAPF glass network), which can make the network 
more flexible, and lower the strain energy of Na+ ions moving through the material.  
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From these arguments, one must conclude that the rising concentration of Na2O, AlF3, and 
SO3 in NAPFS glasses all lead to an increase in electrical conductivity as well as decrease in 
activation energy. 
3.2 Index of publications 
3.2.1 Formation, structure, and properties of fluoro-sulfo-phosphate poly-anionic glasses 
Q. H. Le, T. Palenta, O. Benzine, K. Griebenow, R. Limbach, E. I. Kamitsos, L. 
Wondraczek, “Formation, structure, and properties of fluoro-sulfo-phosphate poly-anionic 
glasses”, J. Non-Cryst. Solids 477 (2017) 58-72. 
DOI:10.1016/j.jnoncrysol.2017.09.043 
Phosphate glasses exhibit high solubility for secondary anion species. This includes sulfate, 
fluoride or nitride ions, and enables the preparation of poly-anionic glasses. Here, we consider 
fluoro-sulfo-phosphates. We show that in this system, even equimolar anion mixing can be achieved 
without notably compromising the glass-forming ability. The derived glasses exhibit surprising 
stability, which enables the fabrication of bulk samples mostly without the need to employ rapid 
quenching techniques. In terms of molecular structure, they rely on primarily ionic bonding among 
the different constituents, whereby the fluoride and sulfate anions seem to act as stabilizing ionic 
cross-linkers between highly-depolymerized phosphate entities. Investigation of the low-frequency 
Raman scattering indicates characteristic variations on intermediate-range structure, where a shift 
in the Boson peak appears to correlate inversely with increasing sulfate content. We discuss this 
observation in terms of the low level of bond localization and low field strength of the sulfate anion 
relative to phosphate Q0 groups. Adjusting the degree of anion competition enables to tailor super-
structural heterogeneity. Beyond this, the glass system provides an interesting variety of ligand 
situations for the potential incorporation of optically active cation species. 
Copyright © 2017 Le, Palenta, Benzine, Griebenow, Limbach, Kamitsos, Wondraczek. 
This is an open access article under the Attribution-NonCommercial-NoDerivatives 4.0 
International (CC BY-NC-ND 4.0). (http://creativecommons.org/licenses/BY-NC-ND/4.0/). 
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Supplementary Information 
In Figs. S1-S2, we provide vibrational spectroscopic data of the sample series FPS10 and FPS15. 
 
Figure S1: Raman (a), depolarized (VH) Raman (b), and IR (c) spectra of FPS10 glasses. For nominal composition 
see Table 4. 
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Figure S2: Raman (a), depolarized (VH) Raman (b), and IR (c) spectra of FPS15 glasses. For nominal compositions 
see Table 4. 
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3.2.2 Fluoride-sulfophosphate glasses as hosts for broadband optical amplification through 
transition metal activators 
W. C. Wang, Q. H. Le, Q. Y. Zhang and L. Wondraczek, “Fluoride-sulfophosphate glasses 
as hosts for broadband optical amplification through transition metal activators”, J. Mater. Chem. 
C, 2017, 5, 7969-7976. 
DOI: 10.1039/c7tc01853c 
Unusually stable multi-anion glasses of the fluoride-sulfophosphate type (FPS) are 
introduced as a new host material for optically active cation species. Despite a notoriously low 
polymerization grade, anion mixing in this glass system enables facile manufacture of bulk or fiber 
devices which combine several advantages of fluoride and phosphate glasses while using the 
stabilizing effect of sulfate additions. Using the example of chromium doping, we demonstrate 
broad red photoluminescence at 734 nm and inhomogeneous broadening of the R-line at 694 nm, 
originating from the 4T2 - 4A2 and 2E - 4A2 transitions of Cr3+, respectively. The luminescence 
mechanism is further analyzed on the basis of the corresponding Tanabe–Sugano diagram. Tailored 
through chemical composition, internally nucleated precipitation of a nanocrystalline fluoride phase 
enables switching between high-field and low-field configurations of the Cr3+ ion, resulting in the 
specific emission properties and setting the path towards FPS-based optical devices. 
Copyright © 2017 Wang, Le, Zhang and Wondraczek. This article is licensed under a 
Creative Commons Attribution-NonCommercial 3.0 Unported Licence. 
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3.2.3 Spectroscopic properties of Cu2+ in alkaline earth metaphosphate, fluoride-phosphate 
and fluoride-phosphate-sulfate glasses 
Q. H. Le, C. Friebe, W. C. Wang, L. Wondraczek, “Spectroscopic properties of Cu2+ in 
alkaline earth metaphosphate, fluoride-phosphate and fluoride-phosphate-sulfate glasses”, J. Non-
Cryst. Solids: X, 4 (2019) 100037 
DOI: 10.1016/j.nocx.2019.100037 
Divalent copper ions (Cu2+) are not only important colorants in consumer glasses. They 
can also be used as a probe for assessing the local structural arrangement within a solid host. Here, 
we report on the incorporation of Cu2+ into alkaline earth metaphosphate (MP), fluoride-phosphate 
(FP) and fluoride-phosphate-sulfate (FPS) glasses. As a d9 transition metal ion, Cu2+ exhibits a 
broad optical absorption band at wavelengths of 740–880 nm when incorporated into oxide glasses. 
The specific properties of this band are strongly affected by the local basicity of the host, which 
reflects in a straightforward dependence of the band position on the mean-field optical basicity in 
alkaline earth MP. For FP and FPS, however, distinct deviations from this simplistic correlation are 
found due to selective cation localization on the various oxoanions and/or halogen species. In 
addition, high basicity favours the formation of monovalent Cu+. Electron paramagnetic resonance 
indicates a transition from tetragonally distorted octahedral coordination of Cu2+ in MP to 
rhombohedral distortion in FP and FPS glasses. 
 
Copyright © 2017 Le, Friebe, Wang, Wondraczek. This is an open access article under 
the Attribution 4.0 International license (CC BY 4.0).  
(http://creativecommons.org/licenses/BY/4.0/). 
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Figure S1: Room temperature EPR spectra of FPS10 and FPS15 glasses. 
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3.2.4 Optimization of electrical conductivity in the Na2O-P2O5-AlF3-SO3 glass system 
Quyen Huyen Le, Courtney Calahoo, Yang Xia, Caio B. Bragatto, Lothar Wondraczek, 
“Optimization of Electrical Conductivity in the Na2O-P2O5-AlF3-SO3 Glass System”, J. Am. 
Ceram. Soc, submitted 21-Nov-2019 
 Manuscript ID is JACERS-45068 
We report on the individual roles of charge carrier density and network modification in 
sodium ion conducting glasses from the Na2O-P2O5-SO3-AlF3 (NAPFS) system. For this, a broad 
range of glass compositions was considered across the series of 44Na2O/(56 − x − 
y)P2O5/xAlF3/ySO3, 47Na2O/(53 − x − y)P2O5/xAlF3/ySO3 and 50Na2O/(50 − x − 
y)P2O5/xAlF3/ySO3, with x = 8, 12, 16, 20 and y = 0, 5, 7, 10, 12. Impedance spectroscopy was 
conducted on these glasses at frequencies from 10-2 to 106 Hz and over temperatures from 50 to 250 
°C, and complemented by structural analyses using Raman spectroscopy and nuclear magnetic 
resonance data. While the trends in dc conductivity and activation energy follow that of Na2O 
content (increasing from 44 to 50 mol%), substantial enhancement of conductivity (by about two 
orders of magnitude) and correspondingly lower activation energy were also found for constant 
Na2O concentration when adjusting SO3 or AlF3 within specific limits of glass structure.  
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4 Summary  
The aim of this research was to study the relationships between the formation, structure, and 
properties of the new glass system, fluoro-sulfo-phosphate poly-anionic glasses, specifically 
focusing on the effect of the glass structure on optical properties and electrical conductivity. In this 
project, the fluoro-sulfo-phosphate glass system can be divided into two groups: the FPS series 
[(100–x–y)MFn / xSr(PO3)2 / ySrSO4  (x + y ≤ 20%, M = Mg2+, Ca2+, Sr2+, Al3+) with F– > P2O5 + 
SO3] were studied as new host materials for optically active cation species, while the NAPFS series 
[(100–x–y)AlF3 / xNaPO3 / yNa2SO4 (x  + y ≥ 80%), with F– < P2O5 + SO3], whose compositions 
possess high sodium concentrations, and thus, high ionic conductivity and low activation energy, 
were investigated for their future application in solid-state sodium-ion batteries. 
Raman spectra showed that the glass structure of FPS glasses (with low phosphate content) 
is dominated by pyro- and orthophosphate whereas in NAPFS glasses (with high phosphate content) 
the phosphate network is less depolymerised and metaphosphate chains are more abundant. 27Al 
MAS NMR data indicated that six-fold aluminum is dominant in both FPS and NAPFS glass 
systems. Terminal fluoride Al−FT, bridging fluoride Al–F–Al and Al−O−P linkages also exist in 
both glass systems. However, the presence of P–F bonding was found only in NAPFS but not in 
FPS glasses. Sulfate exists predominantly in the form of isolated SO42– tetrahedra associated with 
modifier cations in glass network. 
To better understand the effect of multi-anion FPS glasses on the dopant species, Cu2+ was 
used as a probe for assessing the local structural arrangement within a solid host and studied by 
both UV-vis and EPR spectroscopy. Here, the local environments of Cu2+ in fluoride-phosphate 
(FP) and fluoride-phosphate-sulfate (FPS) glasses were compared with the Cu2+ environment in 
alkaline earth metaphosphate (MP). In the MP glasses, the Cu2+ ligand environment exhibited an 
elongated tetragonal distortion of the CuO6 octahedra, where the asymmetric and broad NIR 
absorption band of Cu2+ was found to shift from approximately 740 nm to 880 nm with increasing 
optical basicity. The absorption bands were fitted by three Gaussian components corresponding to 
dz2 → dx2– y2, dxy → dx2– y2, and dxz, dyz → dx2– y2. Unlike the strong dependence of site geometry of 
Cu2+ in MP glasses, there was a much less pronounced correlation of the absorption band maximum 
on optical basicity in the glasses which contain fluorine, the FP and FPS glass series. The spectral 
properties were dominated by the presence of pyrophosphate groups (Q1, more Q1 led to red-shifted 
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absorption bands), sulfate groups (SO42– , with higher S:P ratio resulting in blue-shifted absorption) 
and fluorine (F, more F also led to blue-shifted absorption bands). The optical absorption spectra 
were fit best using four contributions to account for the transitions from dz2, dxy, dyz and dxz to dx2– 
y2. In agreement with the optical absorption spectra analysis, EPR spectroscopy also indicated Cu2+ 
had a tetragonally distorted octahedral coordination in MP and a rhombohedral distortion in FP and 
FPS glasses. 
FPS glasses with high fluoride content are characterized by low refractive index, an 
exceptional partial dispersion as well as high transmission from the ultraviolet (UV) to the infrared 
(IR) region, and since they contain various anion species they provide an extremely complex 
structural environment for optically active dopant species. With chromium doping, for example, we 
find a broad red photoluminescence at 734 nm and an inhomogeneous broadening of the R-line at 
694 nm, originating from the 4T2 → 4A2 and 2E → 4A2 transitions of Cr3+, respectively. The 
luminescence mechanism was further analyzed on the basis of the corresponding Tanabe–Sugano 
diagram. Tailored through chemical composition, homogeneously nucleated precipitation of a 
nanocrystalline fluoride phase enabled switching between high-field and low-field configurations 
of the Cr3+ ion, resulting in the specific emission properties and setting the path towards FPS-based 
optical devices, in particular, broadband tunable fiber amplifiers and lasers. 
Electrical conductivity and activation energy of NAPFS glasses depend strongly on the 
electrostatic binding energy of the charge carrier ions to move freely (EB) and the strain energy of 
the glass matrix (ES). Besides simply increasing the concentration of charge carriers (Na+ ions), the 
chemical components of the glass can also be adjusted to improve the electrical conductivity. 
Through an investigation of 58 samples, one must conclude that the increase in the electrical 
conductivity and decrease in the activation energy correspond to increasing Na2O, AlF3 and SO3 
content. Based on the relationships found within, Na2O and SO3 should be increased as much as 
possible in NAPFS glasses to improve conductivity and activation energy (until crystallization 
occurs). The correlation with AlF3 content is more complex; AlF3 depolymerizes the phosphate 
network significantly, therefore, raising AlF3 in NAPFS glasses to increase the electrical 
conductivity is limited by the ratio of Na2O/P2O5 in the glasses (since Q0 and Q1 species possess 
substantially higher binding energies between the Na+ and NBOs). 
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5 Zusammenfassung 
Das Ziel dieser Arbeit war die Erfassung des Zusammenhangs zwischen der Glasbildung, 
der Struktur und der Eigenschaften eines neuen Glassystems, den Fluoro-Sulfo-Phosphatgläsern. 
Insbesondere wurde hierbei der Einfluss der Glasstruktur auf die optischen Eigenschaften und die 
elektrische Leitfähigkeit untersucht. In diesem Projekt haben wir die Fluoro-Sulfo-Phosphatgläser 
in zwei Gruppen unterteilt: Der FPS-Serie [(100–x–y)MFn / xSr(PO3)2 / ySrSO4  (x + y ≤ 20%, M = 
Mg2+, Ca2+, Sr2+, Al3+) mit F- > P2O5 + SO3] wurden als neues Trägermaterial für optisch aktive 
Kationen untersucht, während die NAPFS Serie [(100–x–y)AlF3 / xNaPO3 / yNa2SO4 (x  + y ≥ 80%), 
mit F– < P2O5 + SO3], mit hohen Anteilen an Natriumionen und daher einer hohen ionischen 
Leitfähigkeit und einer geringen Aktivierungsenergie, als zukünftige Materialien für Solid-State 
Batterien erforscht wurden. 
Raman-Spektren zeigen, dass die Glasstruktur der FPS-Serie (mit geringen 
Phosphatanteilen) von Pyro- und Orthophosphatgruppen geprägt ist, während NAPFS-Gläser (mit 
hohen Phosphatanteilen) nur geringe Anteile an depolymerisierten Phosphatgruppen und mehr 
Metaphosphatgruppen aufweist. 27Al MAS NMR-Daten indizieren, dass überwiegend echsfach-
koordinierte Aluminiumionen sowohl in FPS-, als auch in NAPFS-Gläsern vorherrschen. 
Terminale Fluoride Al–FT, Brückenfluoride Al–F–Al und Al–O–P Bindungen sind in beiden 
Glassystemen vorhanden. Im Gegensatz dazu sind P–F-Bindungen nur in NAPFS-, aber nicht in 
FPS-Gläsern aufzufinden. Sulfat existiert überwiegend als isolierter SO42—Tetraeder, zusammen 
mit Netzwerkwandler-Kationen im Glasnetzwerk. 
Um den Effekt von Multi-Anionen FPS-Gläsern besser zu verstehen, wurde eine Dotierung, 
Cu2+, gewählt, mit der die lokale Anordnung im festen Trägermaterial anhand von UV-Vis - und 
EPR-Spektroskopie untersucht wurde. Die lokale Umgebung von Cu2+ in Fluoridphosphaten (FP) 
und Fluorid-Phosphat-Sulfaten (FPS) wurde mit der lokalen Umgebung von Cu2+ in Erdalkali-
Metaphosphaten (MP) verglichen. In MP - Gläsern ist die Ligandenumgebung von Cu2+ durch eine 
verlängerte tetragonale Verzerrung in CuO6-Oktaedern geprägt, in dem sich die asymmetrische, 
breite NIR-Absorptionsbande von Cu2+ mit steigender optischer Basizität von ca. 740 nm auf 
880 nm verschiebt. Die Absorptionsbande wurde mit drei Gauss-Kurven gefittet, entsprechend den 
Übergängen von dz2 → dx2– y2, dxy → dx2– y2 und dxz, dyz → dx2– y2. Während in MP-Gläsern aber die 
Lage des Absorptionsmaximums stark von der Geometrie des koordinierten Cu2+ abhängt, ist diese 
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Korrelation in der FP- und FPS-Serie, welche Fluoride enthalten, deutlich schwächer ausgeprägt. 
Die Spektren waren hier deutlich geprägt durch die Anwesenheit von Pyrophosphat-gruppen (Q1, 
mehr Q1 führte zu einer Rotverschiebung der Absorptionsbande), Sulfatgruppen (SO42-; höhere 
Anteile an Sulfaten führten zu einer Blauverschiebung) und Fluoriden (F; mehr F führte ebenfalls 
zu einer Blauverschiebung der Absorptionsbande). Die UV-Vis- Absorptionsspektren konnten am 
besten mit vier Beiträgen, unter der Berücksichtigung der dz2, dxy, dyz und dxz zu dx2– y2 Übergänge 
gefittet werden. Die Spektren der EPR-Messungen von MP zeigten, in Übereinstimmung mit den 
optischen Spektren, Hinweise auf Cu2+ in tetragonal verzerrter, oktaedrischer Koordinierung, und 
die von FP-und FPS-Gläsern mit rhomboedrischer Verzerrung.  
FPS-Gläser mit hohem Anteil an Fluoriden weisen einen niedrigen Brechungsindex, eine 
außergewöhnliche partiale Dispersion und eine hohe Transmission vom UV- bis in den IR-Bereich 
auf. Da sie diverse Anionen enthalten, bieten sie eine extrem komplexe strukturelle Umgebung für 
optisch aktive Dotierungen. Dotierung mit Chromionen, z.B., führt zu einer breiten 
Photolumineszenz bei 734 nm und einer inhomogenen Verbreiterung der R-Linie bei 694 nm, 
jeweils hervorgerufen durch die 4T2 → 4A2 und 2E → 4A2 Übergänge durch Cr3+. Der Mechanismus 
der Lumineszenz wurde weiterhin auf Basis des Tanabe-Sugano-Diagramms analysiert. Durch 
Anpassung der chemischen Zusammensetzung ermöglicht die homogene Ausfällung von 
nanokristallinen Fluoridphasen den Wechsel zwischen Hochfeld- und Niedrigfeld-Konfiguration 
des Cr3+. Durch die Einstellung der spezifischen Emissionseigenschaften wird dadurch der Weg 
Richtung FPS-basierten optischen Geräten, in Speziellem anpassbare Breitband-Faserverstärker 
und Laser geebnet. 
Die elektrische Leitfähigkeit und die Aktivierungsenergie der NAPFS-Gläser hängt stark 
von der elektrostatischen Bindungsenergie der Ladungsträger (EB) und die Verzerrungsenergie der 
Glasmatrix (ES) ab. Daneben ermöglicht die Erhöhung der Konzentration an Ladungsträgern (Na+-
Ionen), d.h. die Anpassung der Glaszusammensetzung, die Anpassung der elektrischen 
Leitfähigkeit. Eine Studie an 58 Proben führte zu der Annahme, dass der Anstieg der elektrischen 
Leitfähigkeit und das Absenken der Aktivierungsenergie durch den Anstieg der Anteile an Na2O, 
AlF3 und SO3 hervorgerufen wird. Auf der Annahme basierend sollte der Anteil an Na2O und SO3 
im NAPFS-Glas so hoch wie möglich eingestellt werden (bis die Kristallisation eintritt), um die 
Leitfähigkeit und Aktivierungsenergie zu verbessern. Die Korrelation mit dem Anteil an AlF3 ist 
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etwas komplexer; AlF3 depolymerisiert das Phosphatnetzwerk signifikant, wodurch der Anstieg der 
elektrischen Leitfähigkeit durch Anheben des AlF3-Anteils im NAPFS-Glas durch das Verhältnis 
von Na2O/P2O5 limitiert ist (da Q0- und Q1-Spezies eine höhere Bindungsenergie zwischen Na+ und 
NBO aufweisen). 
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